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APPELLANT'S BRIEF 



Dear Sir: 

This Appeal Brief relates to an appeal to the Board of Patent Appeals and Interferences of 
the Final Rejection set forth in an Office Action mailed on January 30, 2004 in the above- 
captioned application. 

I. REAL PARTY IN INTEREST 

The real party in interest in this appeal is the assignee of this application, ASM 
International N.V. 

II. RELATED APPEALS AND INTERFERENCES 

Appellants are unaware of any related appeals or interferences. 
07/09/2004 AU0HDAF1 00000073 09787062 

01 FC:1402 330.00 OP 

III. STATUS OF THE CLAIMS 

The present application was originally filed with Claims 1-19. Claims 1-19 were 
amended and Claims 20-27 were added in a preliminary amendment filed March 12, 2001. 
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Claims 28-35 were added in the Amendment and Response to Office Action filed on December 
13, 2002. Claims 36-39 were added with the Request for Continued Examination filed on May 
29, 2003. Claims 1-39 are thus pending in the present application and have been finally rejected 
in the Office Action dated January 30, 2004. This final rejection was affirmed in the Advisory 
Action mailed on April 15, 2004. 

Accordingly, Claims 1-39 are the subject of this appeal. These claims are attached hereto 
as Appendix A. 

IV. STATUS OF AMENDMENTS 

The claims before the Board appear as they were finally rejected. These pending claims 
are attached hereto as Appendix A. 

V. SUMMARY OF THE INVENTION 

The present invention relates to the deposition of thin films with high dielectric constants 
by atomic layer deposition (ALD). In particular, methods of depositing thin films comprising 
barium and/or strontium are disclosed. Oxide thin films containing barium and strontium are 
dielectric films with high permittivities that are widely used and have been well studied. While 
these films have been manufactured by many different methods, including sol-gel methods, 
physical vapor deposition (PVD) methods and chemical vapor deposition (CVD) methods, each 
of these methods has known problems. As a result, it has not been possible to deposit highly 
conformal high-quality thin films on a substrate with a complicated three dimensional structure. 
Even using the CVD method, high conformality is attained only when the rate of film growth is 
determined by the rate of the surface reaction and not by the diffusion of the precursors on the 
film surface. This is achieved when the surface reaction is slower than the diffusion of the 
precursors on the film surface, which occurs only at low temperatures. However, at low 
temperatures, the film has poor crystallinity and it is difficult to control the composition of the 
film (page 2, lines 9-22 of the Specification). 

The present invention overcomes the disadvantages in the prior art methods by using 
atomic layer epitaxy (ALE) to deposit high-K dielectric layers comprising barium and/or 
strontium with almost perfect conformality, unlike those deposited by CVD. The ALE methods 
are facilitated by the use of particular barium and/or strontium precursors. 
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The appealed claims reflect the disclosed invention. Claim 1, for example, recites a 
method for growing oxide thin films on a substrate in a reactor comprising producing the films 
by an ALE process. The ALE process comprises feeding pulses of precursor compounds into the 
reactor alternately to achieve film growth through saturating, self-limiting surface reactions. The 
reactor is purged with an inert gas between the precursor pulses. The precursor compounds 
comprise at least one cyclopentadienyl compound of strontium and/or barium, at least one 
volatile titanium compound and a reactive oxygen precursor. Independent Claims 27, 28, and 36 
similarly recite a method for growing oxide thin films on a substrate by self-limiting atomic layer 
epitaxy utilizing cyclopentadienyl precursor compounds. 

VI. ISSUES BEFORE THE BOARD 

This appeal turns on whether Claims 1-39 are properly rejected under 35 U.S.C. § 103(a) 
as being unpatentable over DiMeo (U.S. Patent No. 5,972,430) in view of Kirlin (U.S. Patent 
No. 5,453,494) and/or Maiti (U.S. Patent No. 6,020,024). 

VII. GROUPING OF CLAIMS 

For the purposes of the present appeal, Claims 1-39 stand and fall together. Appellants 
reserve the right, however, to separately argue in subsequent continuing applications the 
patentability of various features not addressed herein. 

VIII. APPELLANT'S ARGUMENT 

In the Final Office Action mailed on January 30, 2004, the Examiner rejected Claims 1- 
39 under 35 U.S.C. § 103(a) as being unpatentable over DiMeo, Jr. et al. (U.S. Patent 
No. 5,972,430) in view of Kirlin et al. (U.S. Patent No. 5,453,494) and Maiti et al. (U.S. Patent 
No. 6,020,024). According to the Examiner, DiMeo discloses a CVD method for forming multi- 
component oxide layers. The Examiner asserts that the CVD method is an "equivalent variant" 
to atomic layer epitaxy (ALE). Kirlin et al. is found to disclose barium and strontium precursors 
including cyclopentadienyl compounds for use in metal organic CVD (MOCVD). Maiti et al. is 
found to disclose the annealing of metal oxides in order to fully oxidize a metal oxide dielectric 
layer. The Examiner concludes that it would have been obvious to one of ordinary skill in the art 
to combine the prior art references to produce the claimed invention. However, Claims 1-39 are 
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not obvious because the prior art does not teach all of the elements of the claims, provides no 
motivation or suggestion for modifying and combining the references in the claimed manner, and 
provides no expectation of success in the claimed combinations. 

A. Factual Errors 

Applicants note that the Examiner's rejections rest on two factual errors: 

1. First factual error: The Examiner states that "The CVD method [of DiMeo] is 
described as an equivalent variant to the related ALE (atomic layer epitaxy)." Office 
Action mailed on January 30, 2004 at p. 2 {emphasis added). This statement is 
simply not true. Nowhere does DiMeo state that CVD and ALE are equivalent 
variants. Instead, DiMeo states that "[o]f the method for forming multi-component 
oxide thin film layers, chemical vapor deposition (CVD) methods and related 
epitaxial deposition methods, such as but not limited to atomic layer epitaxial (ALE) 
deposition methods, are in turn also presently of interest" DiMeo, Col. 1, 11. 44-50 
{emphasis added). It is nonsensical to conclude that a process taught as "related" to 
CVD and "presently of interest" is, therefore, necessarily an equivalent variant. To 
the contrary, the fact that DiMeo clearly makes a distinction between CVD and ALE 
in the Background section is more properly construed as evidence that they are 
distinct processes, rather than equivalent variants. For instance, immediately after 
mentioning ALE and CVD, DiMeo implies that ALE and CVD are, in fact, variants 
(not equivalent variants) by referring to "fajdditional variants upon chemical vapor 
deposition (CVD) methods and epitaxial deposition methods...." DiMeo, Col. 1, 11. 
50-52 {emphasis added). The substantial distinctions between ALE and CVD are 
discussed in detail below. 

2. Second factual error: "The examiner notes that the version of claims added 
11/17/2003 does not require saturating surface reactions' 9 Office Action at p. 7 
{emphasis added). This statement is also false. Every independent claim recites 
"saturating surface reactions" (Claims 1, 27, and 28) or "saturating... surface 
reactions" (Claim 36). It follows that the Examiner's rejections are based upon an 
erroneous reading of Applicants' claims. As a result of failing to ascertain all the 
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elements of Applicants' claims, the Examiner has not provided a combination of 
references teaching each and every element of Applicants' claims. 

B. The Cited Art Neither Teaches Nor Suggests All The Elements Of The Claimed 
Combination 

The Examiner bears the initial burden to establish and support prima facie obviousness. 
See In re Rinehart, 531 F.2d 1048, 189 U.S.P.Q. 143 (C.C.P.A. 1976). In order to establish a 
prima facie case of obviousness, each of the elements of a claim must be taught or suggested in 
the prior art. M.P.E.P. § 2143.03, citing In re Royka, 490 F.2d 981, 180 U.S.P.Q. 580 (C.C.P.A. 
1974). Further, "all words in a claim must be considered in judging the patentability of that 
claim against the prior art." In re Wilson, 424 F.2d 1382, 1385, 165 U.S.P.Q. 494, 496 (C.C.P.A. 
1970). Here, the prior art relied on by the Examiner does not teach or suggest each of the 
elements of the claims. 

Applicants submit that the Examiner has not shown any teaching to suggest employing 
the recited precursor in a manner that meets Applicants' recitation of "ALE," "saturating surface 
reactions" or "self-limiting." Applicants recite in every claim an "atomic layer epitaxy (ALE)" 
process including "saturating surface reactions" (Or "saturating ... surface reactions") using a 
cyclopentadienyl precursor or compound. In addition, every claim recites that the ALE process is 
"self-limiting." 

The Federal Circuit has mandated that, "[i]n construing a claim, claim terms are given 
their ordinary and accustomed meaning unless examination of the specification, prosecution 
history, and other claims indicates that the inventor intended otherwise." Nike Inc. v. Wolverine 
World Wide, Inc., 33 U.S.P.Q. 2d 1038, 1039 (1994) (emphasis added). In addition, "although 
the PTO must give claims their broadest reasonable interpretation, this interpretation must be 
consistent with the one that those skilled in the art would reach" In re Cortright, 49 U.S.P.Q. 
2d 1458, 1467 (Fed. Cir. 1999) (emphasis added). See also In re Morris, 44 U.S.P.Q. 2d 1023, 
1027 (Fed. Cir. 1997). Furthermore, the M.P.E.P. clearly states that "the words of a claim... must 
be read as they would be interpreted by those of ordinary skill in the art." §2111.01. 

It follows from the above that the Examiner must consider the "ordinary and accustomed 
meaning" unless Applicants have indicated an intention to deviate from this meaning. In the 
present case, Applicants have not indicated any intention to deviate from the ordinary and 
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accustomed meaning of the terms "Atomic Layer Epitaxy (ALE)/' "self-limiting," and 
"saturating surface reactions;" on the contrary, Applicants have repeatedly emphasized the 
ordinary and accustomed meaning of the terms at issue. As a result, these recited terms must be 
given "their broadest reasonable interpretation.... consistent with the one that the those skilled in 
the art would reach." 

None of the references cited by the Examiner provide any teaching or suggestion of an 
ALE process comprising saturating, self-limiting surface reactions and utilizing a 
cyclopentadienyl precursor or compound. Rather, each of the three asserted references is a 
chemical vapor deposition (CVD) reference in which the disclosed deposition methods do not 
comprise saturating surface reactions and are not self limiting. 0 As is known in the art, CVD 
methods will continue to deposit as long as reactants are available, contrary to the meaning of 
"ALE" and "self-limiting" and "saturating surface reactions" as the skilled artisan would 
understand those terms. Thus, Applicants assert that the Examiner has failed to provide 
references that teach each and every element of Applicants' claims. . As a result, the Examiner 
has not established a prima facie case of obviousness. 

ALE (otherwise known as ALD) is a term of art for a deposition process that differs from 
CVD. The skilled artisan would understand that ALE, unlike CVD, involves depositing a layer 
upon a substrate through alternating, self-limited saturating surface reactions, as recited in the 
pending claims. The enclosed Bedair article (Bedair, S.M., Journal of Vacuum Science 
Technology B, 12 (1), pp. 179-185, 179 (Jan/Feb 1994); attached hereto as Appendix E) provides 
evidence of the skilled artisans understanding of ALE as compared to CVD, as reflected in the 
following passage: 

In contrast to MBE [molecular beam epitaxy] and MOCVD [metal organic 
chemical vapor deposition] growth, in which reacting precursors are introduced 
simultaneously and reach the substrate surface together, ALE growth of III-V 
compounds, for example, proceeds by exposing the substrate surfaces to group IE 
precursors in the absence of group V precursors, followed by exposing the 
substrate surface of group V precursors in the absence of group HI precursors. 
Accordingly, the basic principle of ALE growth is based on alternating 
chemisorption, surface reaction, and desorption of the reactants. ALE growth is 
characterized by its self-limiting deposition process.. .[and] ALE growth promises 
extremely uniform thickness and very good growth reproducibility... [, t]hese are 
difficult to achieve by conventional growth methods where all the reacting 
species are mixed together on top of the substrate." (Emphasis Added). 
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ALE deposition is inherently self-limited in that, once the substrate surface is saturated 
with a given reactant, deposition effectively ends and no more of that reactant will adsorb 
regardless of the amount of that reactant flowed across the substrate. As a result, all that is 
required to deposit an atomic layer of a reactant is to ensure precursor is injected at or greater 
than the amount needed to saturate the substrate surface, i.e., overshooting the saturation point 
does not affect the deposition thickness. In other words, ALE automatically effectuates a highly 
precise deposition without necessitating precise mechanical control over reactant supplies. In 
contrast, the thickness of a layer deposited by CVD is not self-limiting (even if it results in one 
atomic layer being deposited), but rather is always supply dependent, i.e., thickness is controlled 
via injection and/or pulse duration and a thick layer can be deposited in bulk with a single pulse. 

Here, in the absence of an ALE reference the Examiner has maintained that DiMeo's 
pulse limited CVD or digital CVD process is "an equivalent variant" of ALE. This is not the 
case. The distinctions between ALE and CVD pointed but generally above are applicable to the 
present situation. Thus, one important distinction between DiMeo's CVD processes and 
Applicants' claimed ALE method is that the growth rate by ALE is necessarily self-limited, while 
the growth rate by CVD can be manipulated by modifying the source chemical dosage. In 
particular, while the growth rate using CVD can vary across a wide range depending on the 
source chemical dosage, the growth rate for an ALE process is self-limited to one monolayer or 
less per cycle by the self-saturating surface reactions. Accordingly, ALE is not sensitive to the 
dosage of the source chemical, while CVD requires that the source chemical dosage be precisely 
controlled. 

An example of the need for precise control of the source chemical dosage in CVD is 
explicitly taught in DiMeo; "Typically and preferably, the multi-component oxide precursor layer 
is formed over the substrate 14 to a thickness of from about 5 to about 100 Angstroms employing 
an appropriate precursor reactant source materials flow rate." Col. 9, lines 34-38 {emphasis 
added). Thus, according to the process disclosed in DiMeo the thickness of the multi-component 
oxide precursor layer correlates with the precursor reactant source materials flow rate. Contrary 
to this, in the claimed ALE processes the growth rate is not sensitive to the reactant flow rate 
because each deposition cycle adds no more than one molecular monolayer of metal oxide to the 
film thickness through saturating surface reactions. Although a skilled artisan would 
understand these qualities to be inherent to an ALE process, Applicants clarified this distinction 
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during prosecution by amending the independent claims to recite "achieve[ing] film growth 
through saturating surface reactions" (Claims 1, 27, and 28) and employing "saturating, self- 
limiting surface reactions on the substrate" (Claim 36). 

Contrary to the ordinary and customary meaning of "ALE", "self-limiting" and 
"saturating surface reactions," the Examiner maintains that the cited references, in combination, 
teach a self-limited ALE process based on his conclusion that the "combination of 
references... discloses purging between growth steps in an atomic layer CVD deposition process 
indicating to the ordinary skill artisan a limited process." Office Action at p. 6 {emphasis added). 
In explaining his position, the Examiner states the following: 

"The examiner is not persuaded by the argument that the ALE process is self limited 
while that of DiMeo is not. The applicant ignores the purging of excess precursor in 
DiMeo et al. One of ordinary skill would conclude that this purging limits the precursor 
available in the deposition chamber for the oxidation reaction." 

Office Action at p. 8 {emphasis added). 

However, the Examiner's logic, as evidenced by the passage quoted above, only supports 
the conclusion that DiMeo' s process is limited (not self- limited) through external control, i.e. a 
computer controlling reactive pulse length and inert purge timing to control deposition. This 
does not mean that the reactions of DiMeo are self-limiting. In a CVD reaction, the reactants 
themselves do not inherently, by their chemistry, limit deposition thickness. It is the external, 
mechanical control of the valves that limits the reaction, thereby limiting film thickness. Thus, 
while the CVD process of DiMeo may be limiting, as the Examiner asserts, it is not self-limiting. 

The skilled artisan would not consider the term "self-limiting" in an "ALE process" to 
encompass a purge-limited deposition process. To the contrary, the skilled artisan understands 
that an ALE process is limited by the number of available binding sites and not by the amount of 
precursors. That is, the skilled artisan understands that ALE processes are self-limited by virtue 
of "saturating surface reactions," rather than limited by factors external to the reaction, such as 
reactive pulse length or purge timing, as taught in DiMeo. 

Further, in contrast to the monolayer by monolayer growth of an ALE reaction, DiMeo 

teaches deposition of multiple molecular layers in each cycle. This is evidenced by the statement 

that "[t]he barium strontium titanate (BST) layers were formed upon the first series of substrates 

employing the foregoing conditions for a total of 100 cycles, which provided barium strontium 

titanate (BST) layers of total thicknesses [of] about 3300 Angstroms." Col 12, 11. 53-57. 
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Accordingly, DiMeo teaches a method yielding a BST growth rate of 33 A/cycle (3300 
Angstroms per 100 cycles). The thickness of one molecular monolayer of a metal oxide is close 
to the lattice constant of the metal oxide. For example, the lattice constant of cubic BaO is 4.0 A 
and the lattice constants of tetragonal SrO are 3.7 and 4.0 A (R. Kita et al., J. Mater. Res. 8 
(1996) p. 321, copy enclosed). Thus, several molecular monolayers were formed during each 
cycle on the substrate in DiMeo's process. 

In comparison, multiple molecular monolayers are not formed in an ALE process. 
Rather, in ALE processes the substrate surface is saturated with no more than one molecular 
monolayer of the precursor. What is important is that in an ALE process the thickness of the 
deposited layer depends on, and is limited by, the saturating surface reaction, which in turn 
depends on the nature of the source chemicals. In other words, ALE layers can not be deposit 
more than one molecular layer at a time because in each reaction cycle when all binding sites for 
precursor molecules are full, no more precursor is able to bind. In fact, the growth rate in ALE 
processes is typically less than one molecular monolayer per cycle because of steric interactions 
between bulky source chemical molecules (large ligands, e.g. cyclopentadienyl ligands). Again, 
Applicants have amended the claims to clearly recite saturating surface reactions. In comparison, 
CVD processes, such as DiMeo 's, are not limited by saturating surface reactions. Importantly, 
because of the differences in the growth mechanism, as evidenced by the different growth rates, 
the requirements for the source . chemicals in ALE and CVD are necessarily different and 
compounds that are useful in CVD reactions are not necessarily useful in ALE processes. 

In view of the above, it is clear that the CVD method of the primary reference, DiMeo, is 
fundamentally different from atomic layer epitaxy (ALE) methods with respect to both the means 
employed and ends achieved. The skilled artisan would recognize the fundamental differences 
and realize that these disparate methods are not automatically combinable or interchangeable, 
without particular suggestions. 

As evidence of the skilled artisan's understanding of an ALE process and to highlight the 
distinctions between ALE and CVD, Applicants submitted two references (Vehkamaki et al. 
Electrochemical and Solid-State Letters, 2, pp. 504-506 (1999); and M. Nakano et al. Appl. Phys. 
Lett., 57, pp. 1096-1098 (1990), attached as Appendix F). In the final Office Action mailed on 
January 30, 2004, the Examiner refused to consider these references because they were not made 
of record. However, these references were not submitted as prior art references, but rather to 
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inform the Examiner as to the ordinary and customary meaning of Applicants' claim language to 
the skilled artisan. Accordingly, Applicants were under no obligation to submit these references 
on a PTO Form 1449. However, in order to address the Examiner's concern, Applicants 
included a 1449 citing these three references with their Request for Reconsideration submitted on 
April 2, 2004. The Examiner maintained his refusal to consider these references in the Advisory 
Action mailed on April 15, 2004, thus refusing to consider evidence of non-obviousness 
submitted prior to the final rejections. 

In Vehkamaki et al, the growth rate of SrTi0 3 by ALE was shown to be 0.7 - 1.8 A/cycle 
depending on the Sr/Ti cycle ratio, while the growth rate of BaTi0 3 was 0.5 A/cycle. These 
measurements are equivalent to one monolayer of the compound per cycle and are representative 
of an ALE process. 

In comparison, the teachings in Nakano of a CVD method are representative of the 
inherent qualities of CVD. In the abstract, Nakano teaches that "[t]he repetitive cycles of a few 
monolayers hydrogenated silicon deposition and its oxidation has been employed for the growth 
of Si0 2 ." The growth rate of a few monolayers per cycle means that digital chemical vapor 
deposition is not based on self-saturating surface reactions. 

Nakano also teaches that "[a]t the present stage, Si0 2 could not be filled in trenches with 
aspect ratios larger than 3." Nakano at p. 1097. This indicates that chemical vapor deposition is 
not capable of growing film in relatively deep trenches. In comparison, ALE can advantageously 
grow thin films in deep trenches or similarly high stepped topography because the alternate, self- 
saturating surface reactions produce conformal films. 

Another inherent property of CVD is illustrated by Nakano's teaching that "[t]he 
deposition rate of 3 A/pulse is achieved by controlling the flow velocity of the SiH 4 gas jet and 
the pulse width of the 0 2 radicals." Nakano at p. 1098. Thus, Nakano confirms DiMeo's 
teaching that deposition rate in CVD depends on precursor flow rate. 

In view of Nakano's teachings, it is clear that chemical vapor deposition processes (e.g., 
the CVD process of DiMeo) have different requirements than ALE processes. Chemical vapor 
deposition requires controlling the dosage of the source chemicals in order to achieve a thin film 
of the desired thickness. Contrary to this, ALE processes are not sensitive to the dosage of the 
source chemical because of the self-saturating nature of the surface reactions. One of skill in the 
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art will recognize that these different requirements will necessarily mean that not all source 

chemicals employed for CVD will be suited for ALE processes. 

In contrast to the evidence provided by Applicants, the Examiner has only offered 
conclusory statements that DiMeo's purge limited process teaches a self-limiting process using 
saturating surface reactions as claimed. The Examiner's conclusions are based upon absolutely 
no evidence showing that the skilled artisan would interpret Applicants' claims in a way 
consistent with the Examiner's interpretation. It follows that it is unreasonable for the Examiner 
to continue to interpret "self-limiting" to be met by the purge-limited process of DiMeo when the 
ordinary and customary meaning of self-limiting is clearly not broad enough to include such a 
processes. In re Cortright, 49 U.S.P.Q. 2d 1458, 1467 (Fed. Cir. 1999). When Applicants' 
claims are interpreted using the "broadest reasonable interpretation," the cited references fail to 
teach or suggest each and every element of Applicants' claims. Cortright at 1467. 

C. The Prior Art Provides No Motivation Or Suggestion To Make The Claimed 
Combination 

Even if the references cited by the Examiner disclose all the features of the presently 
claimed invention, the references would not create a prima facie showing of obviousness. This is 
because obviousness can only be established by combining or modifying the teachings of the 
prior art to produce the claimed invention where there is some teaching, suggestion, or 
motivation to do so found either explicitly or implicitly in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art. M.P.E.P. § 2143.01, citing In re 
Kotzab, 217 F.3d 1365, 1370, 55 U.S.P.Q.2d 1313, 1317 (Fed. Cir. 2000). 

Thus, the Examiner must show an expectation of success for and the desirability of 
employing in an ALE process the particular compounds that have been identified as CVD 
precursors. The Examiner has shown neither functionality nor desirability. That is, the 
Examiner has provided no evidence in DiMeo or elsewhere that the particular precursors would 
work in an ALE process, or that one of skill in the art would be motivated to use the precursors 
in an ALE process. As a result, the Examiner has not provided the requisite teaching or 
suggestion to combine the passing reference to ALE in DiMeo's background with the CVD 
precursors described in DiMeo's detailed description (i.e., incorporated from Kirlin). 
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The Examiner's assertion that precursors that work in CVD will also work in ALE is 
clearly erroneous and without support. As discussed above and evidenced by the references 
provided herewith, ALE is not a subset or equivalent of CVD. To the contrary, ALE and CVD 
employ different mechanisms and thus have different requirements. For example, precursors 
used in ALE must be able to provide saturating, self-limiting surface reactions. CVD precursors 
do not need to have this ability. Because of their different requirements, not all CVD precursors 
will work in an ALE method, to say nothing of their relative desirability in ALE. With respect to 
the present application, the characteristics of an ALE mechanism which distinguish it from a 
CVD mechanism are positively recited in the claims. 

Even if it were obvious to try the CVD precursors in an ALE reaction, this cannot serve 
as a basis for rejection under 35 U.S.C. § 103. An "obvious to try" standard has been rejected by 
the Federal Circuit. See e.g., In re OTarrell, 7 U.S.P.Q.2d 1673 (Fed. Cir. 1998). Instead of 
merely showing it as obvious to try a combination, the Examiner must show both motivation and 
an expectation of success by the skilled artisan at the time of the invention. Here, the Examiner 
has provided no motivation to combine the cited teachings and, as discussed below, has provided 
no evidence of an expectation of success. 

D. The Prior Art Does Not Provide A Reasonable Expectation Of Success In The 
Claimed Combination 

In order to establish a prima facie case of obviousness, the Examiner needs to show that 
the skilled artisan would have expected such a combination to succeed. "Both a suggestion [to 
combine] and the expectation of success must, be found in the prior art, not in the applicant's 
disclosure." In re Dow Chemical Co., 5 U.S.P.Q.2d 1529, 1530 (Fed. Cir. 1988). The Examiner 
cannot merely look to the isolated statements of DiMeo without also determining how these 
might be interpreted by the skilled artisan and looking to the remainder of the field of interest to 
determine whether the success of the overall combination is fairly suggested. A single passing 
reference to ALE in the background section of DiMeo is insufficient, against the entire remaining 
disclosure (which only teaches a purge-limited CVD process with no mention of ALE or self- 
limiting, saturating surface reactions), to provide a suggestion to use DiMeo's precursors in an 
ALE process, much less to provide a reasonable expectation of success. The skilled artisan 
would understand that CVD and ALE are fundamentally different and, as a result, would 
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recognize that the distinction between the choice of precursors for CVD processes and the choice 
of precursors for ALE processes is not trivial. As a result, the skilled artisan will recognize and 
understand that precursors taught as suitable for CVD are not automatically applicable to ALE, 
as assumed by the Examiner. Thus, without some teaching or suggestion that the recited 
precursors will work in an ALE process there would not be a reasonable expectation of success 
in the claimed combinations. 

E. No Prima Facie Showing of Obviousness Has Been Set Forth 

The prior art cited by the Examiner does not teach or suggest each of the elements of the 
pending claims as required for a prima facie case of obviousness. (M.P.E.P. § 2143.03). 
Further, there is no motivation to modify the teachings of DiMeo to arrive at Applicants' claimed 
combinations and no evidence that the skilled artisan would have an expectation of success in 
utilizing the recited precursors in an ALE process. In the absence of the necessary teachings and 
motivation in the prior art, the Examiner is improperly relying on Applicants' own disclosure to 
arrive at a conclusion that the claimed invention is obvious. "The references themselves, not the 
invention itself, must provide some teaching whereby the Applicant's combination would have 
been obvious." In re Gorman, 933 F.2d 982 (Fed. Cir. 1991); Heidelberger Druckmaschinen 
AG v. Hantscho Commercial Products, Inc., 21 F.3d 1068 (Fed. Cir. 1993). Thus, the current 
rejection of the claims is in error and Applicants request its withdrawal. 

IX. CONCLUSIONS 

Applicants submit that a skilled artisan would appreciate that ALE is not equivalent to 
CVD and that DiMeo does not teach or suggest an ALE process utilizing saturating, self-limiting 
reactions. Further, one of skill in the art would understand that reactants that are suitable for use 
in CVD processes are not automatically suitable for use in ALE processes. As a result, the 
skilled artisan reading the DiMeo reference would not have been motivated to use the precursors 
disclosed therein in an ALE processes. There is simply no motivation or suggestion in DiMeo 
for the claimed invention. Further, they would have no expectation of success in such use. 
Hence, because obviousness has not been established, Applicants request that the rejections 
under 35 U.S.C. § 103 be removed and that Claims 1-39 be allowed. 
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X. APPENDIX A 

Attached hereto as Appendix A is a copy of the appealed claims. 

XI. APPENDIX B 

Attached hereto as Appendix B is a copy of DiMeo, Jr. et al. (U.S. Patent No. 5,972,430). 

XII. APPENDIX C 

Attached hereto as Appendix C is a copy of Kirlin et al. (U.S. Patent No. 5,453,494). 



XIII. APPENDIX D 

Attached hereto as Appendix D is a copy of Maiti et al. (U.S. Patent No. 6,020,024). 

XIV. APPENDIX E 

Attached hereto as Appendix E is a copy of Bedair, S.M., Journal of Vacuum Science 
Technology B, 12 (l),pp. 179-185, 179(Jan/Feb 1994). 



XV. APPENDIX F 

Attached hereto as Appendix E are the following two references, offered as evidence of 
Applicants' positions herein: Vehkamaki et al., Electrochemical and Solid State Letters, 2 (10), 
pp. 504-506 (1999); Nakano et al., Appl. Phys. Lett. 57 (11) pp. 1096-1098 (1990); Bedair, J. 
Vac. Sci. Technol. B., 12 (1), pp. 179-185 (1994). 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 
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Registration No. 53,317 
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(Currently Amended) A method for growing oxide thin films on a substrate in a 
^ ' Sector, comprising producing the films by the Atomic Layer Epitaxy (ALE) process by feeding 
of precursor compounds into the reactor alternately to achieve film growth throufih 
saturating surface reactions and by purging the reactor with an inert gas between the precursor 
pulses to provide alternate self-limiting surface reactions on the substrate, wherein the precursor 
compounds comprise: 

at least one cyclopentadienyl compound of strontium and/or barium; 
at least one volatile titanium compound; and 
a reactive oxygen precursor. 

2. (Previously Presented) The method according to Claim 1 , wherein the oxide thin 
film is dielectric. 

3. (Previously Presented) The method according to Claim 1, wherein said method 
comprises 1-10 growth cycles in succession, wherein one growth cycle comprises: 

feeding of a Ba compound, a Sr compound or a volatile titanium compound; 
an inert purge; 

feeding a reactive oxygen precursor; and 
a second inert purge. 

4. (Previously Presented) The method according to Claim 1, wherein the ratio of the 
at least one cyclopentadienyl compound of strontium and/or barium and the at least one volatile 
titanium compound is 0.8-1.2. 

5. (Previously Presented) The method according to Claim 1, wherein the volatile 
titanium compound is selected from the group consisting of a titanium halide, a titanium 
alkoxide, titanium nitrate (Ti(NC>3)4), an alkylamino complex of titanium, a cyclopentadienyl 
complex of titanium, a silylamido complex of titanium, titanium dialkyldithiocarbamate, and a 
titanium-P-diketonate. 

6. (Previously Presented) The method according to Claim 1, wherein the substrate is 
selected from the group consisting of a platinum (Pt), RuC>2, IrC^, SrRuC>3, LaSrCoCb, IrCVIr, 
RuC>2/Pt, silica (SiC>2), silicon nitride and a silicon surface. 

7. (Previously Presented) The method according to Claim 1, wherein the reactive 
oxygen precursor is selected from the group consisting of oxygen (O2), water vapor, hydrogen 
peroxide, an aqueous solution of hydrogen peroxide, ozone, and a combination thereof. 



8. (Previously Presented) The method according to Claim 1, wherein the at least one 
cyclopentadienyl compound of strontium and/or barium is M(Cp)2 or M(Cp)2Ln, where 

M is Sr or Ba, 

Cp is a fused or single cyclopentadienyl group of the form C5R m H 5 _ m , where 
m is an integer 0-5 and 

R is a hydrocarbon group, wherein the m hydrocarbon groups are either the same 
or different, 

the Cp groups are either the same or different, 

Ln is a neutral adduct ligand which binds to the metal by one or several of the 
atoms in said neutral adduct ligand. 

9. (Previously Presented) The method according to Claim 1, wherein 

the at least one cyclopentadienyl compound of strontium and/or barium is 
M(Cp)X or M(Cp)XLn, where 
M is Sr or Ba, 

Cp is a fused or single cyclopentadienyl group CsRmHs-m, where 
m is an integer 0-5 and 

R is a hydrocarbon group, wherein the m R's are either the same or different, 
X is a ligand having a valence of -1, wherein X is not a cyclopentadienyl group 
and 

L is a neutral adduct ligand which binds to the metal by one or several of the 
atoms making up said neutral adduct ligand. 

10. (Previously Presented) The method according to Claim 9, wherein the 
cyclopentadienyl group is selected from the group consisting of cyclopentadienyl, 
pentamethylcyclopentadienyl, triisopropylcyclopentadienyl, indenyl, and fluorenyl. 

1 1 . (Previously Presented) The method according to Claim 8, wherein the two Cp 
groups are joined by a bridge. 

12. (Previously Presented) The method according to Claim 11, wherein the bridge 
between the two Cp groups is a substituted or unsubstituted Ci - carbon chain. 

13. (Previously Presented) The method according to Claim 12, wherein the carbon 
chain forming the bridge contains a heteroatom selected from the group consisting of silicon, 
nitrogen, phosphorus, selenium, and sulfur. 



14. (Previously Presented) The method according to Claim 9, wherein R is a 
substituted or unsubstituted, cyclic, linear or branched group selected from the group consisting 
of an alkyl, an alkenyl, an aryl, an alkylaryl, an arylalkyl, an alkoxy, a thio, an amino, a cyano 
and a silyl group. 

15. (Previously Presented) The method according to Claim 9, wherein the neutral 
adduct ligand L is selected from the group consisting of: 



(i) 


a hydrocarbon, 


(ii) 


an oxygen-containing hydrocarbon, 


(iii) 


a nitrogen-containing hydrocarbon, 


(iv) 


a sulfur-containing hydrocarbon, 


(v) 


a phosphorus-containing hydrocarbon, 


(vi) 


an arsenic-containing hydrocarbon, 


(vii) 


a selenium-containing hydrocarbon, 


(viii) 


a tellurium-containing hydrocarbon, 



and a combination thereof. 
16. (Previously Presented) The method according to Claim 9, wherein L is selected 
from the group consisting of: 

(a) an amine or polyamine, 

(b) a bipyridine, 

(c) a ligand depicted by the formula 




, where G is -0-, -S-, or -NR 1 -, where R 1 is hydrogen or a substituted or 
unsubstituted, cyclic, linear or branched group selected from the group consisting 
of an alkyl, an alkenyl, an aryl, an alkylaryl, an arylalkyl, an alkoxy, a thio, a 
cyano and a silyl group, and wherein each carbon atom of the ring according the 
formula has an R ! -like substituent, wherein the substituents are either the same or 
different, 

(d) ether, and 

(e) thioether. 



17. (Previously Presented) The method according to Claim 9, wherein L is selected 
from the group consisting of an ether, a polyether, an amine, a polyamine, bipyridine and 
tetrahydrofuran. 

18. (Previously Presented) The method according to Claim 9, wherein X is selected 
from the group consisting of a p-ketonate, a corresponding sulfur or nitrogen compound, an 
alkyl, a halide, an amide, an alkoxide, a carboxylate and a Schiff base. 

19. (Previously Presented) The method according to Claim 1 , wherein the producing 
of the film takes place at 250-300°C. 

20. (Original) The method according to Claim 3, wherein said method comprises 1-2 
growth cycles. 

21 . (Original) The method according to Claim 9, wherein the cyclopentadienyl group 
is selected from the group consisting of cyclopentadienyl, pentamethylcyclopentadienyl, 
triisopropylcyclopentadienyl, indenyl, and fluorenyl. 

22. (Original) The method according to Claim 9, wherein R is a substituted or 
unsubstituted, cyclic, linear or branched group selected from the group consisting of an alkyl, an 
alkenyl, an aryl, an alkylaryl, an arylalkyl, an alkoxy, a thio, an amino, a cyano and a silyl group. 

23. (Original) The method according to Claim 9, wherein the neutral adduct ligand L 
is selected from the group consisting of: 



(i) 


a hydrocarbon, 


(ii) 


an oxygen-containing hydrocarbon, 


(iii) 


a nitrogen-containing hydrocarbon, 


(iv) 


a sulfur-containing hydrocarbon, 


(v) 


a phosphorus-containing hydrocarbon, 


(vi) 


an arsenic-containing hydrocarbon, 


(vii) 


a selenium-containing hydrocarbon, 


(viii) 


a tellurium-containing hydrocarbon, 



and a combination thereof. 
24. (Original) The method according to Claim 9, wherein L is selected from the 
group consisting of: 



(a) 
(b) 
(c) 



an amine or polyamine, 
a bipyridine, 

a ligand depicted by the formula 




, where G is -0-, -S-, or -NR 1 -, where R 1 is hydrogen or a substituted or 
unsubstituted, cyclic, linear or branched group selected from the group consisting 
of an alkyl, an alkenyl, an aryl, an alkylaryl, an arylalkyl, an alkoxy, a thio, a 
cyano and a silyl group, and wherein each carbon atom of the ring according the 
formula has an R^-like substituent, wherein the substituents are either the same or 
different, 

(d) ether, and 

(e) thioether. 

25. (Original) The method according to Claim 19, further comprising postannealing 
said film at a temperature higher than a temperature at which the producing of the film takes 
place. 

26. (Original) The method according to Claim 25, wherein post annealing said film 
takes place at 500°C. 

27. (Currently Amended) A method for growing oxide thin films on a substrate in a 
reactor, comprising producing the films by the Atomic Layer Epitaxy (ALE) process by feeding 
alternating pulses of precursor compounds into the reactor alternately to achieve film growth 
through saturating surface reactions and by purging the reactor with an inert gas between the 
precursor pulses to provide alternate self-limiting surface reactions on the substrate, wherein the 
precursor compounds comprise: 

at least one cyclopentadienyl compound of strontium and/or barium; and 
a reactive oxygen precursor. 

28. (Currently Amended) A method for growing oxide thin films on a substrate in a 
reactor by self-limiting Atomic Layer Epitaxy (ALE), comprising producing the films by feeding 
pulses of precursor compounds into the reactor to achieve film growth through saturating surface 
reactions , wherein a growth cycle comprises: 

feeding a first reactant pulse into the reactor, wherein the first reactant is selected 
from the group consisting of a cyclopentadienyl compound of strontium and a 
cyclopentadienyl compound of barium; 



purging the first reactant from the reactor with an inert gas; 
pulsing a second reactant pulse into the reactor, the second reactant comprising 
oxygen; 

purging the second reactant from the reactor with an inert gas; 
pulsing a third reactant pulse into the reactor, the third reactant comprising a 
volatile titanium compound; and 

purging the third reactant from the reactor with an inert gas, 
wherein the second reactant is pulsed between pulses of the first reactant and the 
• third reactant. 

29. (Previously Presented) The method of Claim 28, wherein no more than one 
molecular layer is deposited onto the substrate per growth cycle. 

30. (Previously Presented) The method of Claim 28, wherein the first reactant is a 
cyclopentadienyl compound of strontium. 

3 1 . (Previously Presented) The method of Claim 30, wherein the growth cycle 
further comprises: 

pulsing a fourth reactant pulse into the reactor, the fourth reactant comprising a 
cyclopentadienyl compound of barium; and 

purging the fourth reactant from the reactor with an inert gas. 

32. (Previously Presented) The method of Claim 30, wherein the growth cycle 
comprises, in order, pulsing the first reactant, purging the first reactant, pulsing the second 
reactant, purging the second reactant, pulsing the third reactant and purging the third reactant. 

33. (Previously Presented) The method of Claim 30, wherein the growth cycle 
comprises, in order, pulsing the third reactant, purging the third reactant, pulsing the second 
reactant, purging the second reactant, pulsing the first reactant, purging the first reactant, pulsing 
the second reactant and purging the second reactant. 

34. (Previously Presented) The method of Claim 28, wherein the first reactant is a 
cyclopentadienyl compound of barium. 

35. (Previously Presented) The method of Claim 34, wherein each cycle further 
comprises: 

pulsing a fourth reactant pulse into the reactor, the fourth reactant comprising a 
cyclopentadienyl compound of strontium; and 

removing the fourth reactant from the reactor with an inert gas. 



36. (Currently Amended) A method for growing oxide thin films on a substrate in a 
reactor by the Atomic Layer Epitaxy (ALE) process alternately comprising at least three 
different growth cycles comprising saturating, self-limiting surface reactions on the substrate, 
wherein: 

a first growth cycle comprises feeding a pulse of a cyclopentadienyl compound of 
strontium into the reactor; 

purging the reactor with an inert gas; 

feeding a pulse of a reactive oxygen precursor into the reactor; and 
purging the reactor with an inert gas; and 
a second growth cycle comprises feeding a pulse of a volatile titanium compound 
into the reactor; 

purging the reactor with an inert gas; 

feeding a pulse of a reactive oxygen precursor into the reactor; and 

purging the reactor with an inert gas; and 
a third growth cycle comprises feeding a pulse of a cyclopentadienyl compound 
of barium into the reactor; 

purging the reactor with an inert gas; 

feeding a pulse of a reactive oxygen precursor into the reactor; and 
purging the reactor with an inert gas. 

37. (Previously Presented) The method of Claim 36, wherein said method 
comprises repeating the first growth cycle, the second growth cycle, or the third growth 
cycle from 1 to 10 times in succession. 

38. (Previously Presented) The method of Claim 37, wherein the ratio of the 
number of first growth cycles to the number of second growth cycles is 0.8 — 1.2. 

39. ' (Previously Presented) The method of Claim 37, wherein the ratio of the 
number of third growth cycles to the number of second growth cycles is 0.8 — 1.2. 
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Atomic layer epitaxy deposition processes 
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Atomic layer epitaxy (ALE) is emerging as a promising epitaxial growth technique for thickness 
control at the atomic level. The article outlines recent progress in ALE of III-V and Si thin films. 
Also models describing the self-limiting processes will be outlined. 



I. INTRODUCTION 

Recent progress in epitaxial growth technology has led 
research in semiconductor materials and devices to a new 
era. With the advent of the maturity of molecular-beam epi- 
taxy (MBE) and metalorganic chemical vapor deposition 
(MOCVD), ultrathin semiconductor materials can be pre- 
pared routinely. During the past decade, interest has in- 
creased rapidly in exploring new physics, chemistry, and ma- 
terials science of heterostructures. Also novel optical and 
electrical devices based on quantum size effects have been 
fabricated, principally in III-V compounds. A new genera- 
tion of heterostructurai devices such as semiconductor lasers, 
resonant tunneling diodes (RTD), multiquantum well photo- 
detectors, and high electron mobility transistors (HEMTs) 
were designed in accord with the newly developed artificial 
materials. These structures, however, require precise control 
in layer thickness and junction abruptness at heterointer- 
faces. Both MBE and MOCVD have been recognized tech- 
niques for the growth of ultrathin epitaxial layers; however, 
achieving the growth of two-dimensional (2D) heterostroc- 
tures relies very much on preciseness in the control of 
growth parameters such as growth temperature, fluxes of 
source materials, and growth time. Nevertheless, in these two 
techniques, run-to-run reproducibility for the growth of ul- 
trathin heterostructures becomes difficult due to the inevi- 
table slight variations in growth parameters, which cause 
growth yield deterioration. Unfortunately, in fabricating 2D 
heterostructural devices like HEMTs and quantum well la- 
sers, epilayer thickness uniformity and heterointerface 
abruptness are usually very critical. The demand for easier 
control of film thickness uniformity and heterojunction 
abruptness in growing sophisticated heterostructures encour- 
ages the resort to a growth process in which growth proceeds 
in monolayer-by-monolayer fashion. 

Atomic layer epitaxy (ALE) is a recently developed 
growth technique which has received much attention because 
of its unique digital growth process. 1 In contrast to MBE and 
MOCVD growth, in which reacting precursors are intro- 
duced simultaneously and reach the substrate surface to- 
gether, ALE growth of III-V compounds, for example, pro- 
ceeds by exposing the substrate surfaces to group III 
precursors in the absence of group V precursors, followed by 
exposing the substrate surface to group V precursors in the 
absence of group III precursors. Accordingly, the basic prin- 
ciple of ALE growth is based on alternating chemisorption, 
surface reaction, and desorption of the reactants. ALE 
growth is characterized by its self-limiting deposition 



process, 1 " 10 in which the growth rate is independent of 
growth parameters such as vapor pressure of the precursors 
and growth temperature, but is dependent on the number of 
growth cycles and the lattice constant of the material. ALE 
also allows epitaxial growth of III-V compounds to proceed 
at low temperatures. As a consequence, ALE growth prom- 
ises extremely uniform thickness and very good growth re- 
producibility of heterointerface abruptness for the grown 
films. These are difficult to achieve by conventional growth 
methods where all the reacting species are mixed together on 
top of the substrate. This growth approach is a potentially 
powerful growth technique for preparing epitaxial layers for 
ultrathin film devices. 

We will now briefly discuss the mechanism of AT P 
growth. A general ALE reaction for growing compound AB 
from reactants AX and BY can be described as 

AX^+BY^-AB^^. 
The reaction can be divided into two steps: 
.AX (g) +(AB) $ttb ^AX-(AB) $ub 
BY^+AX^ABU-AB^ABU+XY^. 

In this case, gaseous AX chemisorbs on the compound AB 
surface, and the oncoming AX, which only weakly phys- 
isorbs on the AX-fAB)^, will be removed. When another 
gaseous reactant BY is introduced, it reacts with the adsor- 
bate AX chemisorbed pn the AB substrate surface to form 
one monolayer of AB, and the gaseous reacting product XY 
is removed. 

Various choices of AX^ and BY^ have been utilized for 
ALE growth. Among them are elements, raetalorganics, 
metai-halides, hydrides, and so forth. Owing to differences in 
chemical properties between source materials, each indi- 
vidual ALE process may not follow the same reaction route, 
although the principle of ALE growth looks very straightfor- 
ward. Consequently, caution must be used in the selection of 
reacting species since they also determine the detailed ALE 
process. In general, the greater the difference between the 
chemisorbed monolayer adsorbate's binding energy on the 
surface and the subsequent physisorbed species binding en- 
ergy on the formed monolayers, the better the self-regulating 
characteristics of the ALE process will be. Because the 
source materials have to be volatile enough at normal growth 
temperatures and pressures, metaiorganics, which are volatile 
in nature, are often preferred instead of elemental sources. 

ALE growth of GaAs using TMGa and AsH 3 has been 
achieved in atmospheric MOCVD, low pressure MOCVD, 
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Fig. 1. Summary of three models, of ALE of GaAs using TMGa and AsH 3 : 
selective adsorption allows no TMGa decomposition on a Ga-covered sur- 
face. Adsorbate inhibition prohibits TMGa decomposition on a methyl cov- 
ered surface. The flux balance requires a balance of adsorbing and dcsorbing 
methylgallium species. 



and chemical-beam epitaxy (CBE) systems. The operating 
pressures ranged from 760 to 10~ 9 Ton. Nishizawa et aL 10 
utilized a CBE system for the growth of GaAs by the so- 
called molecular-layer epitaxy (MLE), in which monolayer 
deposition was achieved at 500 °C Bedair et aL 1 achieved 
ALE growth of GaAs in a specially designed reactor and 
susceptor operated at atmospheric pressure; the self-limiting 
growth was achieved from 450 to 700 °C DenBaars et aL 6 
also achieved ALE growth at atmospheric pressure using a 
conventional MOCVD reactor with saturated monolayer 
growth being observed over the temperature range 445- 
485 °C The Fujitsu group 3 achieved ALE growth using a 
low pressure MOCVD system with TMGa and AsH 3 being 
supplied as a fast pulsed gas stream from a jet nozzle, which 



was found to be very effective in extending the monolavi 
limited growth window (460-550 °C). They called this pa 
ticular setup pulsed-jet epitaxy (PJE). 



II. CURRENT PROPOSED ALE MODELS FOR III— V 
COMPOUNDS 

The ALE growth process is characterized by the sell 
limiting process, indicating the independence of the growi 
rate on the flux of the reactant gases. Several models wer 
proposed and are summarized in Fig. 1. 

(1) The selective adsorbate model 11 states that TMGa wE 
not decompose on an atomic Ga-rich surface. It was sup 
ported by x-ray photoelectron spectroscopy (XPS) surfac 
studies showing no carbon on TMGa dosed surfaces. How 
ever, XPS requires cooling and transport from the growt 
chamber to the XPS chamber, which is a significant chang 
in the environment for the substrate. This model has beei 
completely excluded by a study demonstrating TMGa de 
composition on a Ga surface. 12 

(2) The adsorbate inhibition model will not allow decom 
position of TMGa on a methylgallium species coveret 
surface. 13 It is supported by temperature programmed de 
sorption (1PD) studies showing the lifetime of the methy 
radicals under ultrahigh vacuum (UHV) conditions. This t 
not the complete picture, however, since at higher growtl 
temperatures the methyl lifetimes are much too short to ex 
plain our ability to maintain ML/cycle growth. 

(3) The flux balance model 14 requires a balance to tx 
maintained between desorbing monomethylgallium (MMGa 
and adsorbing MMGa during the TMGa exposure. This 



Table I. Summary of reported ALE growth conditions for GaAs with TMGa used at the gallium precursor. 


Type of system 




Temperature 






pressure 


Ton 


range (°C) 


Exposure rime (s) 


Reference 


Vertical 


760 


450-700 


0.2-3AU 


1 


MOCVD 






TMGa/AsHj 


rotating susceptibility 










Vertical 


30 


550-650 


0.2-0.6/0.8/0.4/0.8 


2 


MOCVD 






TMGa/purge/AsHj 




rotating susceptibility 










Vertical 


20 


430-560 


1-30/1-10 


3 


chimney 






TMGa/AsHj 




MOCVD 










Vertical 


20 


430-500 


3/2/2/2 


4 


H~ plasma 






TMGa/purge/AsHs/purgc 




MOCVD 








Horizontal 


100 


500 


3/2/4-8/2 


5 


MOCVD 






TMGa/purge/AsHj/purge 




Horizontal 


100 


T<460 


1/1/1/1 


6 


MOCVD 






TMGa/purge/AsHj/purge 




vent/run 










Horizontal 


760 


450 


0.671.5/1.5/0 


7 


MOCVD 






TMGa/halt/AsH J /H 2 purgc 




vent/nm 










MOCVD 


70 


490-500 


1/3/1/3 


8 


UHV 






TMGa/purge/AsH 3 purge 






470 


15-50/10/10/10 


9 


MOMBE 






TMGa/evac/AsHyevac 




UHV 




500 


4/3/20/3 


10 


MOMBE 






TMGa/evacMsHyevac 
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se^ms to be an obvious requirement, but one which had been 
previously overlooked. There must be a compensation for 
desorbed MMGa from the surface, otherwise less than ML/ 
cycle growth will result However, the upper temperature 
limit of ALE growth has always been reported to be charac- 
terized by growth rates exceeding the MUcycle; thus the flux 
balance model is not complete either. 

None of these models completely explain the collection of 
ALE GaAs data published and presented in Table I. In this 
table, we listed reported ALE growth conditions for GaAs, 
using TMGa. From the table, a wide ALE temperature win- 
dow was achieved by our group using the rotating substrate 
approach with provisions to reduce the gas phase reactions 
by shearing off the gas boundary layer. This window is wider 
than that achieved by other groups using near atmospheric 
pressure systems without any provision to reduce gas phase 
decomposition of TMGa. However, it seems that the UHV 
ALE approach where no gas phase decomposition occurs 
should yield a wider ALE window, which is not the case as 
shown in Table I. None of the available models specifically 
address why atmospheric pressure reactors can maintain 
ALE at temperatures far exceeding that of the UHV 
reactors, 10 where the gas decomposition is insignificant. In 
the following, we will discuss the main gas phase and sur- 
face reactions and try to explain, based upon a flux balance 
of methyl radicals near the substrate surface, why the rotat- 
ing substrate approach can sustain ALE at higher tempera- 
tures. 



111. GAS PHASE REACTIONS 

It is important to examine the gas phase decomposition of 
TMGa in H 2 for an understanding of ALE in a MOCVD 
reactor. The region above the substrate where the tempera- 
ture is high enough for decomposition of TMGa to occur is 
the chemical boundary layer. 15 Reactor conditions leading to 
the complete decomposition of TMGa in the gas phase rep- 
resent the absolute limit of ALE in the MOCVD environ- 
ment. Therefore, the characteristics of this chemical bound- 
ary layer and the time an incoming TMGa molecule spend in 
it are important reactor design issues. 

The chemical boundary layer for TMGa established by 
the gas phase temperature at which it decomposes to Ga or 
other Ga species has been proposed to begin at 400 °C 16 The 
thermal profile in the hydrogen carrier for the TMGa above 
the hot substrate is therefore critical for ALE in the MOCVD 
reactor. Since the rotating susceptor in our reactor cuts into a 
relatively cool H 2 TMGa gas stream and then begins to heat 
this gaseous layer up to the substrate temperature, the ther- 
mal profile is transient. Estimates of these transient thermal 
profiles were made 17 for substrate temperatures of 500, 600, 
and 700 °C by solving the heat conduction equation for a flat 
plate at a given substrate temperature, heating H 2 at a given 
height above the substrate (y) as a function time. The bound- 
ary conditions are r hydrogcn =r $ub$trate at interface (y=0) and 
^hydrogen = 0 °^ 35 v—* 00 * The transient profiles are shown in 
Fig. 2 for substrate temperatures of 500, 600, and 700 °C. 
Pertinent TMGa exposure times are included to indicate the 
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Fig. 2. Transient thermal profile in the H 2 above the hot substrate for a 
substrate temperature of 500, 600, and 700 *C for several TMGa exposure 
times. 



strong dependence of the gas phase thermal profile on expo- 
sure time increments of fractions of a second at high sub- 
strate temperatures. At a substrate temperature of 500 °C, for 
example, and a 0.2 s exposure to TMGa the gas phase tem- 
perature Thyd^ is greater than 400 *C at a height of 0.25 
cm above the substrate. As the substrate temperature is in- 
creased, the thermal profile expands and the chemical bound- 
ary layer gets thicker for the same exposure time to the 
TMGa/H 2 stream. Another example is for a substrate tem- 
perature of 700 °C, as shown in Fig. 2. At this substrate 
temperature the thickness of the chemical boundary layer, 
where r hydrogco >400 °C, has increased to 0.65 cm for a 0.2 s 
TMGa exposure. Therefore, the volume where gas phase de- 
composition of the TMGa molecule is more likely has in- 
creased, and the self-limiting characteristic at higher growth 
temperatures exhibits a narrower (on the order of fractions of 
a second) window of exposure times to the TMGa/H 2 stream. 
However, in most other MOCVD reactors the effective 
TMGa exposure is 1 s or longer, making high temperature 
ALE difficult, as shown in Table I. 

From the gas phase decomposition of TMGa arguments 
alone, the ALE temperature range in the UHV reactor should 
extend beyond that of the MOCVD. On the contrary, the 
UHV data demonstrate a narrower ALE temperature window 
than MOCVD, and this has been explained by the limitations 
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established by the lifetime of surface-adsorbed CH 3 , referred 
to in the next section. 



IV. METHYL RADICAL BALANCE MODEL 

Based upon the system-dependent ALE temperature 
ranges and the above-mentioned gas phase and surface reac- 
tions, we propose the methyl radical balance as the self- 
limiting ALE mechanism. The surface must be stabilized 
with mono- or dimethylgallium molecules which are selec- 
tive against chemisorption of TMGa. However, a balance 
between desorption of the methyl radicals from the monom- 
ethylgallium (MMGa) molecules at the surface and adsorp- 
tion of methyls from the gas phase for the MOCVD type 
reactor is required during the TMGa exposure. The self- 
limiting ALE can be lost by two means, which may be a 
function of reactor type (pressure), growth temperature, and 
gas flux. 

(1) If complete gas phase decomposition of incoming 
TMGa molecules leads to a surface covered with atomic gal- 
lium during the TMGa exposure, the surface of atomic gal- 
lium will not be self-limiting to further Ga or TMGa chemi- 
sorption. 

(2) Methyls at the surface desorb faster than they can be 
replaced from the gaseous boundary layer, opening up sites 
of atomic Ga upon which TMGa can chemically adsorb. The 
desorption of MMGa is not a problem as long as there, is a 
flux of TMGa to replace it, and as has been suggested, there 
is probably a balance of adsorbing MMGa and desorbing 
MMGa. 12 Thus the methyl radical balance model giving the 
condition for ALE self-limiting process can be simply stated 
as 



^desorption* 

where is the CH 3 flux impinging on the surface and is 
originated from the gas phase, and <f* desotpikm is the desorption 
rate for CH 3 from the Ga(CH 3 ) adsorbed species. 

For the high vacuum case, the self-limiting state is deter- 
mined by the lifetime of methyl radicals adsorbed at the 
surface in the mono- or dimethylgallium. There is no bound- 
ary layer to provide a source of replacement of methyl radi- 
cals, and desorbing methyl radicals are not likely to return to 
the surface since their mean-free-path is large. If MMGa 
desorbs it can simply be replaced by the incoming flux of 
TMGa. If a methyl desorbs for the surface MMGa molecule, 
however, the resulting Ga atom is no longer self-limiting 
against the incoming TMGa flux and the growth rate exceeds 
MlVcycie. Thus, ALE in the UHV environment probably has 
a temperature limit from the surface kinetics that cannot be 
circumvented. 

MOCVD type reactors, however, should be able to extend 
the ALE temperature range by decreasing the TMGa expo- 
sure time to minimize gas phase decomposition and increas- 
ing the TMGa flux to achieve surface saturation faster. 



V. CURRENT CHALLENGES FACING THE ALE 
TECHNIQUE AND RECENT III— V COMPOUNDS 
RESULTS ^ 

.. The ALE technique has suffered from several shortct ] 
ings that we believe have delayed its potential applicati 
and discouraged many researchers. 18 The first problem is 
very low growth rates, in some cases as low as 0.02 mh ' d 
Some recent improvement in the growth rate was achie* i 
and a growth rate of -0.1 ^m/h was reported, which we s I 
believe to be discouragingly slow. The main reason for si j 
a low growth rate is the commonly used approach based - 
exposure/purging each of the reactants with a vent/ran ma ! 
fold configuration. 3,6 The finite gas reactor residence ti ] 
and valve switching times will always lead to the growth ] 
only a fraction of a pm/h. The approach we adopted in • 
laboratory 1 relies on rotating the substrate between the c j 
ferent source gas streams that are continuously flowt 
through a specially designed vertical reactor. The growth r = 
will depend on the substrate rotation speeds._Growth rates 
the range of 0.4-1 ^m/h can be achieved with t j 
approach. 19 Such growth rates are comparable with the ! 
reported by MBE ' 

The second problem facing ALE of III-V compounds 
the high carbon background in the ALE grown fils 
Recently, 19 * 20 undoped GaAs with background electron cc 
centrations in the high 10 14 /cm 3 to low 10 15 /cm 3 was grot i 
in our laboratory. The liquid nitrogen temperature mobfl: ] 
was -30 000 cm 2 /V s, which is reasonably adequate for se 
eral devices. The device quality GaAs films were achiev 
by optimizing growth conditions such as growth tempo 
ture, flux of reactants and exposure times. Thus, we belie 
that at least for GaAs the ALE technique can provide fib: 
with convenient growth rates and good electrical propemc 
Another problem facing ALE is the synthesis of terra 
alloys such as AlGaAs and InGaAs required for heterostni 
tures with different binary compounds. The problem wi 
ternary alloys is the lack of compatible group III precurso 
that will adhere to the self-limiting process at the sao 
growth temperature. 21 

Most of these difficulties have been addressed succes 
fully using ALE growth system that relies on the rotatii 
substrate approach. 19,20 Recent achievements in the Ill- 
compound area can be summarized as follows. 

(1) ALE with growth rate s*2 /im/h. 22 

(2) ALE of device quality ternary alloys such as AlGal 
and InGaP. 23 - 24 

(3) ALE of several devices such as planar-doped fid 
effect transistor, 25 heterojunction bipolar transistor, storag 
capacitance, 27 and resonant tunnelling diodes. 28 

VI. ALE OF SIUCON 

For II-VI or III-V compound semiconductors, the AU 
growth has been achieved by sequential injections of sourc 
gases containing respective components of semiconductor; 
whose heterogeneous reactivities change with surfac 
conditions 29 On the other hand, group IV semiconductor 
are constructed with dnly one component. Therefore, ALE o 
group IV element consists of the two. processes as follows. 
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The first step of ALE is the monolayer adsorption of par- 
tially decomposed source gas molecules over the clean sur- 
face* The adsorbate is constructed with a Si (or Ge) atom and 
another kind of atoms (or groups) bonded with Si (or Ge), 
such as SiClj or Ge(CH 3 ) x . The Si (or Ge) atoms in adsor- 
bates terminate the surface dangling bonds and make a 
grown monolayer, and the atoms (or group) such as CI (or 
CH 3 ) cover the newly grown layer surface. Therefore, when 
whole, the surface is covered by the adsorbates, monolayer 
growth is achieved. Successive source gas cannot be ad- 
sorbed chemically because the surface is completely covered 
and there are no dangling bonds. As a result, the growth is 
limited to 1 ML, that is, the self-limiting growth is achieved. 
The second step is the removal of the surface-terminating 
atoms (or groups) in some way. 

Although many studies on the ALE of compound semi- 
conductors were reported after the proposal of ALE in the 
1970s, 29 the history of Si ALE has started in the last few 
years. First, successful ALE of Si has been reported by Nish- 
izawa et aL 20 using dichlorosilane (Sir^Cl^ a source gas 
and hydrogen (H 2 ) as a reducer gas. SiH 2 Cl 2 was decom- 
posed into SiG x , and SiG x is adsorbed on the clean Si sur- 
face. The recovery of the clean surface was made by the 
reduction of surface-terminating CI atoms by H 2 to HC1. The 
growth temperature was, however, more than 815 °C for 
(100)Si and more than 890 °C for (lll)Si. This temperature 
is too high to fabricate new materials and structures such as 
Si-Ge heterojunction or superlattices because of the diffu- 
sion of Si and Ge. 

Two possible ways to lower the substrate temperature ex- 
ist. The first way is the use of higher silane as a source gas, 
where surface-terminating atoms are H atoms instead of CI 
atoms. H atoms terminating the Si surface are well known to 
be thermally desorbed from the Si surface at ^-600 °C which 
is much lower than for CI atoms. 31 Therefore, repetition of 
the injection of higher silane as a source gas and heating up 
the substrate for thermal desorption of H atoms can result in 
ALE. The second method is to use atomic H to reduce the 
surface terminating CI atoms. The two approaches will be 
discussed in detail in the following sections. 

VII. UV-PHOTOASSISTED SI ALE 

This approach was developed by Greene and 
co-workers. 32 This approach relies on the self-limiting ad- 
sorption of Si 2 H6 at temperature (T) below the H 2 desorption 
temperature, followed by a rapid photothermal heating with 
an excimer laser pulse to desorb the surface hydrogen. 
Results 33 can be summarized as follows. Figure 3 shows the 
film growth rate R as a function of the steady-state substrate 
temperature T s with and without pulsed laser irradiation dur- 
ing each deposition cycle. The peak pressure during the 1 s 
SUH* exposures was 1.5 Torr, sufficient to reach surface 
saturation, as shown below, in all experiments. The maxi- 
mum KrF laser energy density E mMX at the sample surface in 
the irradiation experiments was decreased from 470 to 250 
ml cm" 2 as T s was increased from 130 to 550 °C. The en- 
ergy density window A£ over which R was found to be 
constant for a given, T,= 150 mJ cm" 2 . R in Fig. 3 is plotted 
in units of ML per growth cycle, where 1 ML in the [001] 
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Fig. 3. Si growth rate R as a function of substrate temperature T, . 



direction is taken to be 6.8 X10 u cm' 2 corresponding to a 
thickness of 0.136 nm. For the unirradiated films, R varied 
exponentially with - l/T s at 7^3*550 °C yielding an apparent 
activation energy of 1.2 eV. At lower temperatures, the slope 
is reduced, and no measurable growth occurred at T s below 
200 °C. Films deposited with T,>625 °C were smooth, high- 
quality epitaxial layers, as judged by reflection high-energy 
electron diffraction (RHEED), while films deposited at lower 
temperatures exhibited three-dimensional RHEED patterns 
with increased diffuse background intensity indicative of re- 
sidual disorder. 

In contrast, all films deposited at low temperatures with 
pulsed UV laser irradiation were smooth and well ordered, as 
judged by both RHEED and transmission electron micros- 
copy, and exhibited much higher deposition rates at 
r,s£400°C. 3? In fact, at r,=250 o C, R increased by more 
than an order of magnitude in the presence of laser irradia- 
tion. Moreover, there is a range in growth temperatures be- 
tween -180 and 400 °C over which R is independent of T, 
and deposition proceeds by a kinetically self-limited ALE 
mechanism with no apparent activation barrier. Varying the 
number of laser pulses per cycle from 10 to 50 also had no 
effect on R which remained constant at —0.4 ML/cycle. For 
T,>400 °C, the growth rate of the laser irradiated films in- 
creases with increasing T s as deposition due to thermal py- 
rolysis begins to complete with ALE. At r,<180 °C, R de- 
creases with an apparent activation energy of ^0.5 eV. 

The film growth rate as a function of the peak Sl 2 ll^ pres- 
sure P during a 1 s exposure with T J =250°C, £=400 
mJ cm' 2 , and n p -\Q pulses is shown in Fig. 4. Measurable 
R values were obtained for P 2*0.1 mTorr and saturation was 
observed at mTorr with R°*0A ML/cycle. These 

results are further evidence of a self-limited kinetic growth 
mechanism. The Si 2 H 6 saturation exposure in Fig. 4 is in 
good agreement with the exposure required to obtain a satu- 
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Fio. 4. Si growth rate J? as a function of the maximum chamber pressure P 
during the SijHj gas pulse. The film growth temperature T t was 250 *C the 
KrF irradiation energy density £ was 400 mJ cm" 2 , and the number of laser 
pulses per gas pulse n p was 10. 



rated (1X1)::2H dihydride surface during Si 2 H 6 adsorption 
experiments at room temperature. 34 However, the incident 
flux, and hence the time of exposure, in the latter case was 
—4 orders of magnitude lower than that employed in the 
present growth kinetics experiments. 

The ALE growth rate was also found to be constant for a 
wide range in incident UV energy densities. While A£ re- 
mained -150 mJcnT 2 , £„„ had to be decreased as the 
substrate temperature increased in order to achieve the same 
peak temperatures. In all cases, the laser-induced tempera- 
ture was sufficient to cause complete removal of the hydro- 
gen but less than that required for melting. One-dimensional 
heat-flow calculations, based upon optical absorption and in- 
corporating temperature-dependent thermal parameters, 35 
were used to estimate the melting threshold as a function of 
T s and E. For 22 ns KrF irradiation, the lie absorption depth 
is -*5.6 nm and the threshold energy density for melting was 
found to vary from 480 to 410 mJ cm" 2 as T s was increased 
from 250 to 400 °C At r,=250°C, ALE growth with 
R -0.4 ML per growth cycle was obtained for 300<£<470 
mJcm" 2 , while for 7^=400 °C the measured useable £ 
range was 220-365 mJ cm" 2 . 
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Flo. 6. Thickness per unit ALE cycle as a function of the H 2 gas volurm 
within an ALE cycle. 



VIII. ALE OF SIUCON USING ATOMIC HYDROGEN 

The second way to is to use SiH 2 Q 2 with a reducer much 
more active than H 2 . The use of atomic hydrogen (H) as a 
reducer in Si ALE growth was reported. 36 H atoms are able 
to be created easily and plasraa-freely by decomposition of 
H 2 using an incandescent tungsten filament. 37 ' 38 Si ALE 
growth by sequential exposures into SiH 2 Q 2 as a source gas 
and H as a reducer gas was successfully reported 36 and ideal 
monolayer growth per cycle has been demonstrated at 
540 °C. The ALE system used in their experiment was as- 
sembled as shown in Fig. 5. Figure 6 shows the growth rate 
as a function of the injected H 2 gas volume per cycle with 
the substrate temperature of 650 °C. 36 When the filament was 
not used, no growth occurred, however, with the filament, the 
growth rate increased with H 2 volume. This means that H 
atoms were effective for Q reduction at low temperatures. 
Reaching 1 ML/cycle, the growth rate was saturated, i.e., the 
ALE growth was achieved in spite of very low substrate 
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Flo. 7. Thickness per unit ALE cycle as a function of the SiH 2 a 2 gas 
volume within an ALE cycle. 



temperatures. Figure 7 shows the growth rate as a function of 
the SiH 2 Cl 2 gas volume at the substrate temperatures of 520, 
650, and 790 "C. 36 Only the SiH 2 CI 2 gas flow rate was 
changed and other parameters were kept constant. At 520 °C, 
the growth rate increased with the gas volume, but was less 
than 1 ML/cycle. At 650 °C, the growth rate increased up to 
1 ML/cycle with the gas volume and is saturated. In this 
saturation region, ALE growth was achieved. At 790 °C, the 
growth rate increased over 1 ML/cycle with no clear satura- 
tion. 

IX. CONCLUSIONS 

ALE growth of III-V and silicon has been outlined Self- 
limited processes have been observed in both cases. ALE of 
tll-V compounds has produced device quality films and 
state-of-the-art devices. The quality of ALE Si films is not 
yet known. 
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sors, detrimental gas-phase reactions; are inherently etiminated. 
Howeverv no true ALD process for SrTi0 3 or BaTiO^ has yet been 
developed... TO because the; selection of strontium and 

barium precursors hasbeenlimited to ther^ P-dacetonate com 
Though SrS , H3.; : ind BaSM . 14 films have been deposited; by ALD 
from Sr(thdjj (Hthd .= ^^^^-tetrameChylrB^-heptanedione), 
B a(thd) 3 , and; HjS *. these Sr and Ba compounds do not react with 
water or oxygen in ALD processes; at temperatures low enough, so 
that they, or the commonly: used titanium .precursor; titanium 
tetrnisopropoxide i^Cb-t-Pr)^), would not self -decompose iemat 
ly andthereby destroy thfcselM SrCthd)^ = 

does react with ozone; %t around iOO^G but the resulting film ;: is 
SrCOj:.or y when combined , with titanittmr-an amorphous mixture 
which needs to he annealed at 700^ to obtain crystallized 5r30 3 ;i? 
In this paper, we reportALD of SrTiG 3 and BaTiO^ using novel pre- 
cursors for strontium and : barium, Le. t toif.;cyCiopcnmd4enyl com- 
pounds, which have generally been considered too pyrophoric for 
convenient use and handling; Gur expe4ence shows, . however* that 
these compounds; can be used without any major difecuRy and can 
be exposed to air for a short time for loading into the reactor,: 

Experimental 

; SrTib 3 and.BaTi0 3 films were deposited ori : glass substrates in a . 
flow-type F-120 ALE reactor (Microchemistry Ltd, Espoo, 

" Eiecnocb^cal Society Acaye; Member; 



Finland) 10 opened und^ of about 10 nibat Nitrogen 

made on site by . a;Schmidtirt ; NG3fi^ mtrogen gisneratbr (rated ^puri- 
ty,; p£ 9$$9$$ was: : ti$er!; .as -.a- carjficrand ptprging gas. Strontium 
bis^(trll^r^opylc^ f $j^yi^Pt jlfcpf 6 and barium 

bis^penti^m^^ [Ea(^Me|y -V* ^ weF ^ synmestzed ; 

a^r#ig m &e rnetiod?; d^i^d' , to the (i^ralu0: and; v«e 
Obtained in a fern; where te^yr^ofuran <1!HF) s<^y^t : molecules 
were coksitn^ ai^ i iadduct Hgarids^. tldwever, while 
e^a^ated : ani heated; ; in 4e:re^a^: the jlS B^di w 
ly complefcly released before the process, tl((5pr)4 {Aldrich y 97 %) 
. and water%eie usid as me other predjrsoril T^ tnetiii; precurkors 
were eyapomted Mde the reactor at te^ 

ir&t)*, for Sr<C^Mi*^ aBd lo^d fep^Me^r an^ 
pulsed by inert gas valying.;^ Water vapor; was M; into the reactor 
txdm an external, reservoir held >at. : room ; terr^efitore.; The pulse 
rimes were 6.6 s while ^ 

For electrical mesasuremems: the films were dteppsited on: indi^ 
lim-dn oxide (ITG) electrodes and covered Wim Al electrodes form- 
ing capacft^ a^ ; ^f -(Xi2 im 2 . Before the Ai; eiectr ode 
depositipn : the films were ..annealed in air at 5QQ 9 C for 1 h. 
Capacitances were measured at a frequency; of 10 : - : kHap: with: an. 
HP4275 mult^eo^ehcyKk 

an Autdiab potentiostat/Fitm mlcicnesses were determined by fit- 
ting 1 ^ the; optical tiramrniitance specba measured widtin a wave- 
length range of -;37Ctl=tO0 nra: Filrh crystallinity v^s measured with 
^Ph!%MBEJ 1 880 X-ray dtffracfometer (XRD), 
Results and Piscussidn 
The-e^ from T1(G-/-Pr)4 

indicated that sel^lirnidng fi^ growth may be achieved at and 
; below 32^0 ar^ye which sigriiftcarit self^eompositioh of H(6*k 
;rt)4;beg^; Therefore^ 

were 25Ct3i5' J C: ^ The film compositions were yaried by varying the 
ratio of Sr-G and Ti*6 deposition cycie$K These deposition cycles 
consisted Lpf sequential exposure of the St precursor and water, and, 
TI(G^I^)4:and wa;ter t respectively^ and were mixed with each other 
as;compieteiy. as : possible, the -j^owth rate of SrTIG3 increased Uh» 
. early with tricrming Sr/Ti cy;cie rado .torri 0^7„ A/cyde iCSonO 'F 1 
;Q;67) to 1;S A/cycle (Sr/Ti « l .5). figure 1 shows me permittivity 
and coraposidon of SrTiG 3 films as a furictibn of the Sr to Ti cyoie 
; ratio, fte opdmum c^ycie ratio is 0,67-0.82 which results in a $r/H. 
elemental, ratio of about ; 1 ahi a perxnictiyji ty of 1 70-180. Without the 
postaiine^ing ih air at 500°G, the permtttlvides wre 1 much lower in 
the range, of 90 fpr the opti rhurrt S r/!i cycle; rAtjos; For comparison, 
permittivities of 210 have been obtained for SrliGj films grown by 
GW but the deposition and ^ 

er, in the range of 550 to 750^ than those used in the present 
studyv^*? 1 

Figure 2 shows the XRp^ifYractdgrarns; of the film, with the high- 
est permittivity as-deposited and after annealing. In both cases rather 
strong ( ICO) orientation is observed, jsfo significant' increase ,ih : the 
: refleexioh intensides : is caused by -the anneal but, rather* their 
positions shift somewhat corresponding to a lattice parameter 
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:-m^-Z.'^pj^^p^^M as^eposk^arid ariaealed Sr£U% film 
^rawn Ayith a Sr/H cycle ratio of 0.82. 

change fK>m 3.931 to 3^17 A> ^ ^ compared :tifb%^:&&^ 
in the XRD reference data. 22 

Ascorr^^^ 
. decreased wiUi decreasing film thicks 

mization of the Sr/ll cycle 1(X) could be 

achieved also ^th:5p;: nin SrTIQ^ films; ;N either higher 

temperature annealing or two-step .deposiUoii starting with a thin 
Weil-crystallized seed layer will be needed to increase the; perrnitdv^ 
:iues of the thinnest films. 
The leakage ^ 

. rather high: 2 x lO^ and 5 x 3 0:4 A/crh* for negatively and positive- 
ly biased-Al, re.specttvely, when : 1 V potential was applied accross 
about 400 nm thiclc film. Since the main conduction .mechanism in 
SiTO^ SlMismeimidnte^ electrode materials with 

small work functions (Al 3:74 eV, 23 - YVO 4$4;S eV**) are apparent- 
ly not ideal for achieving low leakage currents. It will be a topic: of 
future work to examine high work function electrode materials for 
reducing the leakage current. 

The conformality o( the ALD made SfTi0 3 films was examined 
with test structures pauemed on silicon wafers characteristic of 
ALD» 6 . excellent conformality with deep: trenches 

(Fig. 3a): Though in ! the memory capacitor applications complete 
trench: filling is not required, this was exatnined here since it serves 
as the uitimate test for the conformal deposition capability. As seen 
in Fig. 3b t complete trench filling without key hole formation could 
be achieved with the >^ 

adso that the films consist^ is 
nearly equal to their/height, ^e film rnicrostructure looks somewhat 
poms in the drenches but it is hard to say whether thiS:K real or due 
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I%ufe3;<^ss^t^ wafer test stnictuzes show- 

ing fteeKoe^ «iia--0iSitt 
SrT^%prbcesSv N.efe thai pii the sUtbon top surfeoe them is about 100 ani 
mermai siliftoa oxide kyer : berween the ^ SfTt(^ film and the substrate. 



to a fracture of the cerai^c film during Sample: preparation; 

iBSll&j iftim were deposited 1 analogously from ■ BafeM^v 
ll(CW-Pr) 4 , and H 2 0; The d%o si^ kept sonte. 

what lower at : 275*C because of thermal decompositioii 0 f 
Sa{€sMes)2* tt^ ^osllion rates we^ about 0;5:A/cycie v iA^s corn- 
pared with the SrtlOj process, the BatiO^ l^cess; had mor^ prob^ 
lemsiri reproducibility of ^ andv thereby,: of the 

penni&vity ^ the process was; optimized 

to result b me B^ 

measured for the annealed films. The as-deposited BaTt0 3 ifilms 
wereessentM^^ 

er and broader r^ecfipns (Fig/ 4) as compare^ with the 
SrTid 3 films. Obviouslyv the depositioh and aimealing temperatures 
used ;were ; not high enou^ for acbieving weilrcrystaliized; BaHOj, 
The de^sitioh temperature cannot be increased much because of the 
u^eniai; stability: !oiga(e^^^ a replacement of the glass sub- 
strates used in this study with; substrates toto^ 
tem^ratures^ 

can ^ be feached. .On die other hand, by mp^^ng ; the cyciopeii^- 
eny 1 type. U gandi better thermal stability can be looked for. The per- 
mittivities of me Ba'ficy filmsl^owri by CVp have varied *er a 
wide range: While permittiviti^ a>; Mgh; as were achieved with 
films made by plasma CVD at; about 600°G^ also lower values have 
been reported, 107 for the rllm gmwn at 700*C^ Cm the pther 
hand t the BaTi0 3 : films deposited with local epimxy pntd inSb 27 and 
InP^S at 3dd^6 : had signirleanay 4 of :743 and 

7S r ,respectiWy. the^ainbrlihous ,Ba1i03 films: obtained by PVD 
klowSSO^h^aperr^ 
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Digital chemical vapor deposition of Si0 2 

M. Nakano, H. Sakaue, H. Kawamoto, A. Nagala. M. Hirose, 
and Y. Horiike 

Department of Electrical Engineering, Hiroshima University, Higashi-Hiroshima 724, Japan 
(Received 9 March 1990; accepted for publication 22 June 1990) 

The repetitive cycles of a few monolayers hydrogenated silicon deposition and its oxidation 
has been employed for the growth of Si0 2 . The surface reaction is promoted by an 
alternate irradiation of silicon hydride radical beam produced by the upstream pulsed 
microwave discharge of SiH 4 and discharged oxygen beam. The deposition rate is controlled 
by the flow velocity of silane gas jet and substrate temperature. It is shown that the 
deposition species ejected with supersonic velocity into a high vacuum reactor conformably 
fills the Si0 2 film into a deep Si trench. 



Continuous shrinkage of device size in very large scale 
integrated (VLSI) circuits has led to the necessity for the 
vertical integration of circuit elements as in the case of Si 
trench capacitors, three-dimensional stacked capacitors, 
and multilevel metallization. This requires a high aspect 
ratio (depth/linewidth) structure and subsequent filling of 
the structure with insulator or conductor. Plasma- 
enhanced chemical vapor deposition (PECVD) has been 
widely used as a filling technology. However, the gas phase 
precursors in a plasma generally degrade the step coverage 
to cause harmful voids in deep trenches and via holes. In 
order to avoid such degradation and to perform the con- 
formable CVD, it is of crucial importance to suppress the 
gas phase reactions and in turn to enhance the surface 
dominant reaction. 

To meet these requirements, a layer-by-layer deposi- 
tion technique similar to atomic layer epitaxy (ALE) and 
molecular layer epitaxy (MLE), which are new growth 
methods for II- VI and 1II-V compound semiconductors, 1 " 3 
has to be developed as a novel CVD. In ALE and MLE 
systems, a self-limiting surface reaction induced by metal- 
organic compounds controls the growth rate. However, 
such a self-limiting process of surface reaction is not in- 
volved in CVD of insulators such as Si0 2 . Layer-by-iayer 
CVD of insulators could be realized by a precise mono- 
layer control in supplying deposition species. This letter 
reports a novel CVD method of Si0 2 . The repetitive cycles 
of silicon hydride radical adsorption and its subsequent 
oxidation with oxygen radical beam results in layer-by- 
layer growth of oxide. We call this technique pulsed or 
digital CVD. 

The concept of a digital CVD reactor is schematically 
shown in Fig. 1. Monosilane diluted to 18.5% He and pure 
oxygen were alternately supplied into the microwave (2.45 
GHz) discharge portions by using piezovalves. Silicon hy- 
dride and oxygen radicals generated from remote 
microwave-discharged plasmas 4 were alternately irradiated 
onto a Si wafer surface in the reactor through a sloped 
nozzle tube and a straight (13 mm^) quartz tube. The 
distances between these tube edges and the wafer surface 
are 40 mm. In order to moderate the drop of SiH 4 gas 
temperature due to an adiabatic expansion and also to re- 
duce the velocity of the gas jet, a buffer tube equipped with 



fins was connected to the outlet of the piezovalve. The 
wafer temperature can be controlled in the range from 
- 20 to 500 C C. Flow pulse width for SiEU was fixed at 50 
ms and flow pulse widths for 0 2 were changed from 1 to 10 
s. The interval between both gas flows was held at 1 s. 
During the whole deposition sequence the reactor was con- 
tinuously evacuated by a turbomolecular pump. 

First, SiH 4 gas was injected without discharge to grow 
a thin film. However, no film growth was observed in the 
temperature range from — 20 to 500 °C. Next, SiH^ radials 
with high sticking probability 5 were generated by micro- 
wave discharge using a coaxial waveguide, and an oxide 
film was successfully formed at room temperature. It was 
found that without using the buffer, a supercooled SiH x 
radical was deposited on an extremely small area on the 
wafer with a high deposition rate of 100 A/pulse at room 
temperature. Consequently, the buffer shown in Fig. 1 was 
added. As the buffer temperature is increased, the film 
thickness was decreased, while the deposition area becomes 
larger. The deposition rate was also decreased monotoni- 
cally with increasing substrate temperature. These 
decreases probably result from a lowering of sticking prob- 
ability of the SiH* radials. Figure 2 shows the Si0 2 film 
thickness as a function of the number of injected pulses for 
a room-temperature wafer or 300 °C wafer with a buffer 
temperature of 300 C C. The deposition rate of Si0 2 on a 
wafer area of 1 cm 2 was 3 A/pulse under the conditions of 
pulse widths of 50 ms for SiH 4 and 5 s for 0 2 and at a wafer 
temperature of 300 °C. The deposition rate was defined by 
dividing the maximum film thickness by the number of 
pulses. 
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FIG. 1. Schematic illustration of a digital CVD apparatus. 
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FIG. 2. SiOj film thickness as a function of number of pulses for wafer 
temperatures of RT and 300 "C at the buffer temperature T bil{ = 300 "C. 
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The ratio of integrated infrared absorption intensity for 
Si — OH and Si — O bonds obtained from Fourier trans- 
form infrared (FT-IR) spectroscopy measurements as a 
function of 0 2 pulse width at a fixed buffer temperature of 
300 °C is shown in Fig. 3 . The origin of a large amount of 
Si — OH bonds at a low substrate temperature and at a 
shorter 0 2 pulse width is interpreted in term of the forma- 
tion of a polysilane-like film structure, 6 which is not effi- 
ciently oxidized. It is evident that the amount of Si — OH 
bonds was significantly decreased with increasing the irra- 
diation time of oxygen radicals. This demonstrates an ad- 
vantage of digital CVD because the film quality is im- 
proved by independent control of deposition parameters. 
Although the stoichiometry of grown oxide was confirmed 
by the ellipsometry, the film etch rate by buffered hydro- 
fluoric acid (BHF) was considerably faster than that of 
thermal Si0 2 . 

During the course of this study, SiH x radicals imping- 
ing obliquely on a wafer were found to be reflected from 
the surface. Nevertheless, the film deposition occurred on 
the shadowed region of the injected radial beam. As shown 
in Fig. 4, the oxide deposition rate on the top surface de- 
creases as the SiH^ radical incidence angle increases for 
700 cycles of deposition. The cosine dependence of depo- 
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FIG. 3. Integrated infrared absorption intensity of Si — OH to Si - O 
bonds as a function of pulse width of 0 2 gas at the buffer temperature 
T M « 300 *C and the wafer temperature T^ b ~ 300 *C. 
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FIG. 4. Film thickness was obtained from the scanning electron micros- 
copy (SEM) micrograph in which the value of the top surface thickness 
was measured. The sidewall thickness in the inset is only schematic. 

sition rate is also shown in the figure when it is assumed 
that the deposition rate is determined by the flux intensity 
of SiH x radical beam and that the beam reflection at nor- 
mal incidence is negligible. The deviation of the actual 
deposition rate on the top surface from the calculated 
curve is ascribable to the reflected rate of incident SiH x 
beam. It is also suggested from this result that although the 
flow velocity of SiH 4 gas is considerably decelerated by the 
use of the buffer, the neutral SiH x beam still has near su- 
personic velocity. 

The oxide filling into Si trenches by utilizing a config- 
uration of the obliquely incident SiH* beam was difficult, 
while normal incidence of the SiH x beam showed satisfac- 
tory filling of Si0 2 into trenches with an aspect ratio of 2 
for i.5 L&S as shown in Fig. 5 . The observation of the 
oxide-filling process demonstrates that the Si0 2 film grows 
a little faster on the bottom rather than on the sidewall of 
the trench. This might arise from the fact that SiH x radi- 
cals with normal incidence stick more on both the upper 
and bottom surfaces of the trench because the radical beam 
is significantly reflected on the sidewall. At the present 
stage, Si0 2 could not be filled in trenches with aspect ratios 
larger than 3. In conventional plasma CVD employing a 
SiH 4 + 0 2 mixture, the trench filling has not been achieved 




FIG. 5. Cross-sectional SEM photograph of Si trenches fitted with Si0 2 . 
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even by an aspect ratio of 1. For the primary aim of com- 
pletely conformable digital CVD, the film deposition mode 
totally controlled by surface reactions must be developed 
by decelerating the injected SiH x radical velocity. 

In conclusion, digital CVD which is done by repeating 
one cycle consisting of deposition of remote microwave- 
discharged silicon hydride radicals and its subsequent ox- 
idation has been developed for growing Si0 2 films. The 
deposition rate of 3 A/pulse is achieved by controlling the 
flow velocity of the SiH 4 gas jet and the pulse width of the 
0 2 radicals. The deposition species ejected with supersonic 
velocity into a high vacuum reactor fills a Si0 2 film into a 
trench successfully. 
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